In this study, fractal net fins were introduced to improve the melting performance of a thermal energy storage unit. A transient model for melting heat transfer for phase change material (PCM) was presented and numerically analyzed, to study the melting performance in a thermal energy storage unit using fractal net fins. The melting phase change process was modelled using the apparent heat capacity method. The evolutions of temperature and the liquid fraction in the thermal energy storage unit were investigated and discussed. The effects of the length and width ratios of the fractal net on melting performance were analyzed to obtain the optimal fin configuration. The results indicated that the fractal net fins significantly enhanced the melting heat transfer performance of the PCM in a thermal energy storage unit. The fractal net fins configuration was optimal when the length and width ratios of the fractal net were 0.5. The temperature response at the corner points of the fractal net fins was faster than that in the central points.
Introduction
In recent years, thermal energy storage systems have become crucial in handling energy supply imbalances and realizing the sustainable utilization of energy. Thermal energy storage technology allows excess thermal energy produced at one time to be made available for use at a later time; therefore, it has been widely applied in the areas of electronics cooling [1, 2] , waste heat utilization [3] , chemical processing [4] , biomedical engineering [5, 6] , and so forth. Furthermore, some renewable energies can be stored in the form of thermal energy for sustainable use. The latent heat storage system with phase change material (PCM) is regarded as a promising technology, because it absorbs large amounts of heat at an almost constant temperature. The PCM continues to absorb heat without a significant rise in temperature until all the material is transformed to the liquid phase. However, owing to the highly non-linear characteristics of the solid-liquid or liquid-solid phase transition processes caused by the complicated solid-liquid interface movement, it is important to fully understand the solid-liquid or liquid-solid phase change heat transfer processes.
Commonly used energy storage devices include coil type energy storage tanks. According to the coil-type structure characteristics, there exists the shell-tube [7] , U-tube [8] , fin tube [9, 10] , and spiral tube [11] , among others. Heat transfer fluid (HTF) circulates in the coil, while PCM stores or releases energy outside the coil. The surface of the coil is the heat exchanger surface between the HTF and PCM. Owing to the limited capacity of the coil and the uneven spatial distribution, the traditional energy storage device has poor heat transfer performance, and has some dead zones of heat transfer. In addition, PCMs generally have the disadvantages of poor thermal conductivity, low energy storage/release efficiency, and a heat transfer unit that is too large, which leads to a larger temperature gradient inside the PCM during the working process, increasing the energy loss of heat transfer and hindering the application of PCMs in thermal energy storage. A wide range of approaches have been applied to enhance the heat transfer performance of PCMs, including dispersing particles [12] [13] [14] , adding fins [15, 16] , metal foam [17] [18] [19] , composite methods [20, 21] , and more, which have proven that adding high thermal conductivity materials in various forms improves the heat transfer performance of the PCMs to a certain extent. After optimizing their performance, PCMs will have wider application prospects in the fields of building energy conservation, waste heat recovery, thermal protection of electronic devices, solar power plants, and so forth. Therefore, it is necessary to design a new and efficient thermal conduction enhanced energy storage unit.
It is generally accepted that fractal geometry has the intrinsic advantages of minimized flow resistance [22, 23] and strong heat transfer capability [24, 25] . Therefore, there has been successful application of a fractal structure to the design of highly efficient heat exchangers [26, 27] , chemical reactors [28] , heat sinks [29, 30] , and fluid distributors [31] [32] [33] . It was proven that fractal geometry can achieve a significant increase in the heat transfer area and flow access, with the increase in the fractal levels [34, 35] . Consequently, the heat transfer efficiency is improved, the efficiency of energy storage or energy release is enhanced, and the energy loss is reduced. Thus, a fractal net structure is used to enhance the thermal conductivity of thermal energy storage units and to improve the storage capacity, temperature uniformity, and space utilization of latent heat energy storage devices. The optimized thermal energy storage unit can meet the stability and reliability requirements of energy supply to the greatest extent, thereby achieving energy saving and power saving.
Herein, fractal net fins were introduced to optimize the phase change heat transfer between the HTF and PCM (see Figure 1 ). High thermal conductivity materials were constructed using fractal net fins, and unsteady mathematical models concerning latent heat storage performance were developed and investigated. The effects of different energy storage configurations on energy storage efficiency were compared and discussed. The optimal configuration of the fractal net was designed. Moreover, the temperature and phase distribution were illustrated and analyzed, being the basis for the optimal design of a highly efficient latent heat transfer device. 
Melting in the Thermal Energy Storage Unit with Fractal Net Fins
The thermal energy storage unit with fractal net fins consists of a shell, fractal net fins, PCM, and HTF (see Figure 2a ). In the comparison structure shown in Figure 2b , the sum area of the four fins connecting the shell and the one-level fractal net fins were equal to the sum areas of all the fins in the 
The thermal energy storage unit with fractal net fins consists of a shell, fractal net fins, PCM, and HTF (see Figure 2a ). In the comparison structure shown in Figure 2b , the sum area of the four fins connecting the shell and the one-level fractal net fins were equal to the sum areas of all the fins in the four-level fractal net fins, except in the one-level fractal net fins. The areas of the four fins connecting the shell and the one-level fractal net fins were equal. 
Fractal Net Configuration
Fractals commonly exhibit similar patterns at increasingly small scales [36] . The fractal net fins are constructed by a recursive algorithm, and the level of recursion is theoretically infinite. The construction process of fractal net fins is shown in Figure 3 . The fractal net fins have k levels; k ≥ 1 and k is an integer. The divergence coefficient is N = 4 for each level of fractal net fins; that is, the j level of fractal net fins generates four fractal net fins at the j + 1 level, the center of which is located at the four top angles of the j level of the fractal net fins. L0 and W0 are the initial length and width of the one-level fractal net fins, respectively. The length ratio between the upper and lower levels of the fractal net fins is RL = Lj+1/Lj, where Lj+1/Lj is the length ratio of the upper and lower levels of the fractal net fins. The length of k level fractal net fins is Lj = L0RL j , j = 0, 1, 2,…, k − 1. The width ratio between the upper and lower levels of the fractal net fins is RW = Wj+1/Wj, where Wj+1/Wj is the width ratio of the upper and lower levels of the fractal net fins. The width of k level fractal net fins is Wj = W0RW j , j = 0, 1, 2,…, k − 1. 
Theoretical Model
This paper aims to enhance melting heat transfer in a thermal energy storage unit by the use of fractal net fins. Owing to the fractal net, there are lots of fast heat flow paths over the whole thermal energy storage unit, so the strong and weak heat flows are efficiently allocated. Owing to the fractal fin, the PCM is confined inside a small space (i.e., the interval between fins is small), so the thermodynamic heat transfer phenomena is conduction dominated. In this case, the unsteady melting 
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This paper aims to enhance melting heat transfer in a thermal energy storage unit by the use of fractal net fins. Owing to the fractal net, there are lots of fast heat flow paths over the whole thermal energy storage unit, so the strong and weak heat flows are efficiently allocated. Owing to the fractal fin, the PCM is confined inside a small space (i.e., the interval between fins is small), so the thermodynamic heat transfer phenomena is conduction dominated. In this case, the unsteady melting heat transfer is modeled neglecting the natural convection of PCM. 
This paper aims to enhance melting heat transfer in a thermal energy storage unit by the use of fractal net fins. Owing to the fractal net, there are lots of fast heat flow paths over the whole thermal energy storage unit, so the strong and weak heat flows are efficiently allocated. Owing to the fractal fin, the PCM is confined inside a small space (i.e., the interval between fins is small), so the thermodynamic heat transfer phenomena is conduction dominated. In this case, the unsteady melting heat transfer is modeled neglecting the natural convection of PCM.
To elucidate the role of fractal net fin configuration on the heat transfer performance of a thermal energy storage unit, a two-dimensional liquid-solid two phase heat and mass transfer model was developed. The physical models of thermal energy storage unit with fractal net fins (k = 4) and ordinary fins are shown in Figure 2 . The areas of fractal net fins and ordinary fins in the thermal energy storage unit are identical; that is, the volume of PCM in the thermal energy storage unit is identical. In the thermal energy storage unit with fractal net fins, HTF flows outside the shell as a cold or heat source, while water is used to fill in the shell as a PCM. On the one hand, the shell directly contacts with the PCM to transfer the heat from HTF. Meanwhile, the shell transfers the cooling capacity to the fractal net fins through the cross fins. The cooling capacity transferred in all levels with the fractal net fins follows the law of graded expansion; that is, the cooling capacity is transferred from one level to the k level of fractal net fins in turn, and each level has multi-directional thermal conduction, which ensures the rapid transfer of cooling capacity from points (surfaces) to surfaces (points) while storing or releasing energy. In this process, heat is conducted from the fractal net fins to the PCM, and the cooling capacity is stored in the PCM. When releasing energy, the heating capacity stored in the PCM in the thermal energy storage unit is transferred along the fractal net fins via thermal conduction. Due to the temperature difference between HTF and PCM, the heating capacity is continuously gathered to the shell. Theoretically, a large quantity of HTF is used with the constant temperature flows along the axis direction of the thermal energy storage unit, so it is reasonable to assume that the thermal boundary condition is a constant temperature boundary.
The shell and fractal net fins are all square, the shell length is 235 mm, the maximum length of the fractal net fins is 100 mm, and the minimum length of the fractal net fins is 12.5 mm when k = 4. The thermal conductivity (λ), specific heat capacity (c p ), and density (ρ) of copper and water, as well as the latent heat (Lat) and phase transition temperature (T m ) of water, are listed in Table 1 . Some assumptions are made in order to simplify the calculation: 1 The radiation effects in the shell space are neglected; 2 The contact thermal resistance between the PCM and fractal net fins is ignored; 3 There are three possible zones in the whole melting process-the solid zone, mushy zone and liquid zone; 4 The properties of PCM are linear with temperature in the mushy zone; 5 the phase change occurs in a temperature interval between T m − ∆T/2 and T m + ∆T/2, where ∆T = 0.1 K is adopted in the simulation; 6 The volume expansion when water solidifies into ice is ignored; that is,
Based on the above assumptions, the phase change from solid state to liquid state was modeled via the enthalpy-porosity formulation. Due to the fractal net fins, the PCM is confined in a small space, so the thermodynamic heat transfer phenomena is conduction dominated. Therefore, the unsteady melting heat transfer was modeled with neglect of the natural convection of PCM. The governing equation of the unsteady thermal conduction accompanied with melting phase change in a thermal energy storage unit with fractal net fins is written as:
It is important to note that after τ = 0, the temperature of the metal fins was determined from the equation of heat conduction (see Equation (2)), and the temperature of PCM was determined from the enthalpy equation (see Equation (1)). In the enthalpy-porosity method the liquid fraction, which is 1 when the water is liquid and 0 when the water is solid, was applied to characterize the solid-liquid interface. The liquid fraction ε was used to describe the mushy zone so as to explicitly track the phase interface. The mushy zone is deemed to be a porous region, the porosity of which was set as the liquid fraction. The expression of the liquid fraction ε is given by:
In the liquid and mushy zone, the enthalpy h of PCM in Equation (4) includes the total sensible heat and the total latent heat, which is expressed by:
where the subscript p represents PCM. The subscripts s and l represent the solid state and liquid state of PCM, respectively. Transient thermal conduction problems require a set of constraints, namely initial and boundary conditions, to obtain the unique solution. The initial temperature of the whole computational domain was −20 • C. The initial liquid phase rate ε was 0 at the beginning of melting. The shell temperature was constant for the thermal energy storage unit with fractal net fins.
Initial condition:
Boundary conditions:
There is a thermal equilibrium between the fractal net fins and the PCM which is given by:
where Ω are the boundaries between the fractal net fins and the PCM, and n represents the normal direction of heat flux. The cross section in the XY direction of the thermal energy storage unit is square, the side length of which is H (see Figure 2b as an example).
The solid-liquid interface also satisfies the law of conservation of energy, which is expressed as follows:
where τ is time, L is the moving distance of the solid-liquid interface, Lat is latent heat, and n denotes the normal direction at the solid-liquid interface. The finite element method was applied to solve the governing equations of unsteady thermal conduction accompanied with phase change. According to the sophisticated pore structures of the fractal net fins, the unstructured meshes (triangular elements) were applied to all the computational regions.
Issues of mesh refinement and the independence test, as well as convergence, were paid special attention for the highly nonlinear model. Mesh refinement was carried out at severe temperature variations, where the PCM and fractal net fins were in contact (see Figure 2a) . In order to ensure the efficiency of the calculations and the accuracy of calculation results, a series of mesh sizes (16,942, 31,556, 46,750, 56,794, 63,138, 66,706 and 70,954) were tried to ensure the present numerical results were independent of the mesh size. Duration time is the time consumption when the PCM completely melts in the thermal energy storage unit. The relative error of the duration time in the thermal energy storage unit with the fractal net fins (R L = 0.5, R W = 0.5) was less than 0.98% when the mesh number was greater than 56,794. The point is represented by the symbol of a star in Figure 4b . In fact, the error of duration time in a certain range (probably less than 2%, in our case 0.98%) can be considered to mean meshing is sufficient. It is not necessary to obtain the optimal mesh number when the duration time is completely unchanged. Therefore, a mesh number of 56,794 was applied to the simulations. Moreover, the mesh refinement can capture more details of heat transfer between PCM and fins, as well as phase change heat transfer, which makes the heat transfer sufficient, so the duration time decreased with the increase of the mesh number.
where τ is time, L is the moving distance of the solid-liquid interface, Lat is latent heat, and n denotes the normal direction at the solid-liquid interface.
The finite element method was applied to solve the governing equations of unsteady thermal conduction accompanied with phase change. According to the sophisticated pore structures of the fractal net fins, the unstructured meshes (triangular elements) were applied to all the computational regions.
Issues of mesh refinement and the independence test, as well as convergence, were paid special attention for the highly nonlinear model. Mesh refinement was carried out at severe temperature variations, where the PCM and fractal net fins were in contact (see Figure 2a) . In order to ensure the efficiency of the calculations and the accuracy of calculation results, a series of mesh sizes (16,942, 31,556, 46,750, 56,794, 63,138, 66,706 and 70,954) were tried to ensure the present numerical results were independent of the mesh size. Duration time is the time consumption when the PCM completely melts in the thermal energy storage unit. The relative error of the duration time in the thermal energy storage unit with the fractal net fins (RL = 0.5, RW = 0.5) was less than 0.98% when the mesh number was greater than 56,794. The point is represented by the symbol of a star in Figure 4b . In fact, the error of duration time in a certain range (probably less than 2%, in our case 0.98%) can be considered to mean meshing is sufficient. It is not necessary to obtain the optimal mesh number when the duration time is completely unchanged. Therefore, a mesh number of 56,794 was applied to the simulations. Moreover, the mesh refinement can capture more details of heat transfer between PCM and fins, as well as phase change heat transfer, which makes the heat transfer sufficient, so the duration time decreased with the increase of the mesh number. 
Model Verification
The temperature variations from our present model were compared with the experimental results [37] , which concern heat transfer performance of a PCM embedded in porous metals. The geometry and operating conditions of our model were consistent with the experiment (see Figure 5a) ; that is, the PCM (Paraffin RT 58) was embedded in the metal foam (copper, 95% porosity, 200 × 25 mm), and the thermo-physical properties of the PCM were as follows: The melting temperature was 321-335 K, the latent heat was 181 kJ/kg, the thermal conductivity was 0.2 W/(m·K), the specific heat was 201 kJ/kg, and the dynamic viscosity was 0.0269 Pa·s. The heat flux at the bottom of the twodimensional model was 1.6 kW/m 2 , and the rest of boundaries were exposed to the room temperature (293 K). As shown in Figure 5b , temperature evolutions of the sensor (locates at 8 mm above the 
The temperature variations from our present model were compared with the experimental results [37] , which concern heat transfer performance of a PCM embedded in porous metals. The geometry and operating conditions of our model were consistent with the experiment (see Figure 5a) ; that is, the PCM (Paraffin RT 58) was embedded in the metal foam (copper, 95% porosity, 200 × 25 mm), and the thermo-physical properties of the PCM were as follows: The melting temperature was 321-335 K, the latent heat was 181 kJ/kg, the thermal conductivity was 0.2 W/(m·K), the specific heat was 201 kJ/kg, and the dynamic viscosity was 0.0269 Pa·s. The heat flux at the bottom of the two-dimensional model was 1.6 kW/m 2 , and the rest of boundaries were exposed to the room temperature (293 K). As shown in Figure 5b , temperature evolutions of the sensor (locates at 8 mm above the bottom) of our present model agreed well with that of the experiment, which proves the rationality of our model. Moreover, the temperature difference between the simulation and the experiment is probably because the pores of the metal foam used in the experiment were not completely connected, there may be some closed pores, and there was no PCM in the closed pores, while in the simulation the pores distribution of the metal foam was uniform and the PCM filled in the pores. Therefore, since the PCM has the effect of slowing down the temperature change, the average temperature of the experiment is higher than that of the simulation during the phase transition (see 1250-3500 s in Figure 5b ).
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Results and Discussion
The melting processes of a thermal energy storage unit with fractal net fins and ordinary fins were investigated. The areas of fractal net fins and ordinary fins in the thermal energy storage unit were identical. The initial temperature was 253.15 K, and the initial liquid fraction ε was 0. The temperature of HTF was constant, so the boundary condition was a constant wall temperature; that is, 293.15 K. The phase transition temperature of PCM was 273.15 K.
Melting Behaviors of the Thermal Energy Storage Unit
The energy storage characteristics of PCM, including the phase change rate and the shape of the phase change interface, can be improved by adding high thermal conductivity materials. Figure 6 shows the temperature and liquid fraction evolution of PCM in the thermal energy storage unit with fractal net fins and ordinary fins during the melting processes. It is illustrated in Figure 6a that each sub-grid in the fractal net structures designed in this paper can transfer heat from two directions with the next level fractal net fins, which shortens the distance of heat transfer and realizes the heat transfer from point (surface) to surface (point). Meanwhile, the fractal net fins were distributed evenly in the shell, which resulted in a significant increase of the effective heat transfer area of the thermal energy storage unit in the finite space. In addition, since the PCM was divided into many relatively independent heat transfer units, the dead zone of heat transfer in the thermal energy storage unit was effectively reduced, and the effective heat conduction resistance between the fins and the PCM was reduced. It is worth noting that the dead zone of heat transfer is the zone far from the boundary of the heat source, where heat reaches the slowest; that is, the zone where the phase change occurs last. Therefore, no matter the energy storage or release process in the thermal energy storage unit, it is reflected from the temperature cloud chart so that the temperature distribution is more uniform, the temperature gradient of the PCM is reduced, and the energy utilization rate is improved. It is noteworthy that the energy utilization rate refers to the ratio of the energy effectively utilized by the thermal energy storage units to the actual energy consumption. Fractal net fins improve the thermal 
Results and Discussion
Melting Behaviors of the Thermal Energy Storage Unit
The energy storage characteristics of PCM, including the phase change rate and the shape of the phase change interface, can be improved by adding high thermal conductivity materials. Figure 6 shows the temperature and liquid fraction evolution of PCM in the thermal energy storage unit with fractal net fins and ordinary fins during the melting processes. It is illustrated in Figure 6a that each sub-grid in the fractal net structures designed in this paper can transfer heat from two directions with the next level fractal net fins, which shortens the distance of heat transfer and realizes the heat transfer from point (surface) to surface (point). Meanwhile, the fractal net fins were distributed evenly in the shell, which resulted in a significant increase of the effective heat transfer area of the thermal energy storage unit in the finite space. In addition, since the PCM was divided into many relatively independent heat transfer units, the dead zone of heat transfer in the thermal energy storage unit was effectively reduced, and the effective heat conduction resistance between the fins and the PCM was reduced. It is worth noting that the dead zone of heat transfer is the zone far from the boundary of the heat source, where heat reaches the slowest; that is, the zone where the phase change occurs last. Therefore, no matter the energy storage or release process in the thermal energy storage unit, it is reflected from the temperature cloud chart so that the temperature distribution is more uniform, the temperature gradient of the PCM is reduced, and the energy utilization rate is improved. It is noteworthy that the energy utilization rate refers to the ratio of the energy effectively utilized by the thermal energy storage units to the actual energy consumption. Fractal net fins improve the thermal conductivity of the thermal energy storage unit, so energy can be stored and utilized efficiently, thus reducing unnecessary energy loss, so the energy utilization rate will be improved accordingly.
The liquid fraction evolutions of PCM in the thermal energy storage unit with fractal net fins during the melting processes are shown in Figure 6a , and those of ordinary fins are shown in Figure 6b . The heat required for melting was transferred from the shell to the fractal net fins and PCM. Since the heat conductivity of the fins is much higher than that of PCM, the heat was conducted rapidly along the fins and then the PCM around the fins. As shown in Figure 7 , it took about 510 s for the thermal energy storage unit with the fractal net fins to basically complete the phase transition, while it took 1130 s for the thermal energy storage unit with the ordinary fins. Note that the exchange surface was increased by 15 in the case of k = 4, however the large variation in the exchange surface area and the efficiency of energy storage are not proportional. This is because the fractal net distribution of high thermal conductivity material has a beneficial effect on the energy gradient distribution. Though the area of the fractal net fins was identical to that of the ordinary fins, the phase transitions of PCM in the thermal energy storage unit with the fractal net fins and the ordinary fins were basically carried out simultaneously along the four directions (taking 1/4 thermal energy storage unit for example). Two sides of the 1/4 thermal energy storage unit are the high thermal conductivity fins, and the other two sides are the shells. conductivity of the thermal energy storage unit, so energy can be stored and utilized efficiently, thus reducing unnecessary energy loss, so the energy utilization rate will be improved accordingly. The liquid fraction evolutions of PCM in the thermal energy storage unit with fractal net fins during the melting processes are shown in Figure 6a , and those of ordinary fins are shown in Figure  6b . The heat required for melting was transferred from the shell to the fractal net fins and PCM. Since the heat conductivity of the fins is much higher than that of PCM, the heat was conducted rapidly along the fins and then the PCM around the fins. As shown in Figure 7 , it took about 510 s for the thermal energy storage unit with the fractal net fins to basically complete the phase transition, while it took 1130 s for the thermal energy storage unit with the ordinary fins. Note that the exchange surface was increased by 15 in the case of k = 4, however the large variation in the exchange surface area and the efficiency of energy storage are not proportional. This is because the fractal net distribution of high thermal conductivity material has a beneficial effect on the energy gradient distribution. Though the area of the fractal net fins was identical to that of the ordinary fins, the phase transitions of PCM in the thermal energy storage unit with the fractal net fins and the ordinary fins were basically carried out simultaneously along the four directions (taking 1/4 thermal energy storage unit for example). Two sides of the 1/4 thermal energy storage unit are the high thermal conductivity fins, and the other two sides are the shells. Figure 8 presents the role of length ratio RL and width ratio RW on the temperature variations of the representative points (central points) and Q, which is the input heat to the whole thermal energy storage unit, so it is expressed by:
Optimal Fractal Net Fin Configuration: Effect of Length Ratio RL and Width Ratio RW
If RL > 0.52, the fractal net fins will collide with each other, so the fractal net fins are unable to be constructed successfully. Therefore, 0.52 is a critical value in that RL must be less than 0.52. If the length ratio is too small, the distribution uniformity of the fractal net fins will decrease. Therefore, the temperature and input heat of the thermal energy storage unit when RL = 0.4 and RL = 0.5 were investigated in Figure 8a . RL was obtained via net a fractal algorithm, which is described in Section 2.1. Through this algorithm we can intuitively obtain the generated fractal net fins on the computer. Therefore, we can investigate the energy storage characteristics of different fractal net fins, and obtain the optimized fin configuration. It is illustrated that the fractal net fins with a large length ratio have more high thermal conductivity materials and wider fin coverage than those with small length ratio. Therefore, the temperature of the central point in the thermal energy storage unit when RL = 0.5 rose more significantly, reaching equilibrium temperature at about 750 s, while the temperature of the central point in the thermal energy storage unit when RL = 0.4 was stable at around 1500 s. However, for the fractal net fins with the length ratios RL = 0.4 and RL = 0.5 (the total length of the fractal net fins with RL = 0.4 was 13.4% shorter than that with RL = 0.5), the difference of input heat of the thermal energy storage unit during the melting processes was very small. In the energy release stage, the input heat Q of the thermal energy storage unit with the fractal net fins with RL = 0.5 was slightly larger than that with RL = 0.4. When the input heat Q reached the equilibrium state at about 600 s, the input heat between them was basically the same. The width ratio RW of the fractal net fins also had a significant effect on the duration of the stabilization of the temperature of the central points and heat transfer capacities of the thermal energy storage unit during the melting processes (see Figure 8b) . A larger width ratio of fractal net fins indicated a higher proportion of high thermal conductivity materials, which resulted in faster temperature variations. However, the variation trends of the input heat were opposite to that of the width ratio. The input heat of thermal energy storage unit decreased with the increase of the width ratio. A larger width ratio indicated a larger fractal net fin area, correspondingly leading to a smaller proportion of the PCM, thus the input heat was reduced. That is, the volume of PCM in the thermal energy storage unit with RL = 0.4 or 0.5 varied very little when the fin width was constant, so the different temperature curves in Figure 8a give superimposed Q curves. On the other hand, the volume of PCM in the thermal energy storage unit with RW = 0.45, 0.5 or 0.7 varied relatively more when the fin length was constant. This was due to the width of the fin Figure 8 presents the role of length ratio R L and width ratio R W on the temperature variations of the representative points (central points) and Q, which is the input heat to the whole thermal energy storage unit, so it is expressed by:
If R L > 0.52, the fractal net fins will collide with each other, so the fractal net fins are unable to be constructed successfully. Therefore, 0.52 is a critical value in that R L must be less than 0.52. If the length ratio is too small, the distribution uniformity of the fractal net fins will decrease. Therefore, the temperature and input heat of the thermal energy storage unit when R L = 0.4 and R L = 0.5 were investigated in Figure 8a . R L was obtained via net a fractal algorithm, which is described in Section 2.1. Through this algorithm we can intuitively obtain the generated fractal net fins on the computer. Therefore, we can investigate the energy storage characteristics of different fractal net fins, and obtain the optimized fin configuration. It is illustrated that the fractal net fins with a large length ratio have more high thermal conductivity materials and wider fin coverage than those with small length ratio. Therefore, the temperature of the central point in the thermal energy storage unit when R L = 0.5 rose more significantly, reaching equilibrium temperature at about 750 s, while the temperature of the central point in the thermal energy storage unit when R L = 0.4 was stable at around 1500 s. However, for the fractal net fins with the length ratios R L = 0.4 and R L = 0.5 (the total length of the fractal net fins with R L = 0.4 was 13.4% shorter than that with R L = 0.5), the difference of input heat of the thermal energy storage unit during the melting processes was very small. In the energy release stage, the input heat Q of the thermal energy storage unit with the fractal net fins with R L = 0.5 was slightly larger than that with R L = 0.4. When the input heat Q reached the equilibrium state at about 600 s, the input heat between them was basically the same. The width ratio R W of the fractal net fins also had a significant effect on the duration of the stabilization of the temperature of the central points and heat transfer capacities of the thermal energy storage unit during the melting processes (see Figure 8b) . A larger width ratio of fractal net fins indicated a higher proportion of high thermal conductivity materials, which resulted in faster temperature variations. However, the variation trends of the input heat were opposite to that of the width ratio. The input heat of thermal energy storage unit decreased with the increase of the width ratio. A larger width ratio indicated a larger fractal net fin area, correspondingly leading to a smaller proportion of the PCM, thus the input heat was reduced. That is, the volume of PCM in the thermal energy storage unit with R L = 0.4 or 0.5 varied very little when the fin width was constant, so the different temperature curves in Figure 8a give superimposed Q curves. On the other hand, the volume of PCM in the thermal energy storage unit with R W = 0.45, 0.5 or 0.7 varied relatively more when the fin length was constant. This was due to the width of the fin being much smaller than the length of the fin. Therefore, when R L = 0.5 and R W = 0.5, the thermal energy storage unit with the fractal net fins had the optimal heat transfer and energy release effect.
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Dynamic Temperature Response
To further understand the melting behavior of PCM in a thermal energy storage unit with fractal net fins and ordinary fins, the dynamic temperature variations of the representative points (corner points and central points) are shown in Figure 9a . Figure 9b and c represent the positions of the representative points of the two types of fin configurations (fractal net fins and ordinary fins) with red dots, respectively. The reason for choosing these two points as the representative points is that they are in relatively unfavorable positions for heat transfer, which we inferred from the liquid fraction cloud maps of PCM in the thermal energy storage unit (see Figure 6 ). The corner point is at the midpoint of the connection between the upper right corner of the two-level fractal net fins and the upper right corner of the three-level fractal net fins (see Figure 9b) . The corner point position of the thermal energy storage unit with ordinary fins is identical to that of the thermal energy storage unit with fractal net fins. The central points are in the center of the thermal energy storage unit, whether it is the thermal energy storage unit with fractal net fins or ordinary fins. It is clearly shown in Figure 9a that the heat transfer at the corner points is generally better than that at the central points. This is because the corner points are closer to the shell, which is the heat source of the thermal energy storage unit and thus gains more heat flux. Compared with the central points, the constant temperature durations of PCM during the phase transition at the corner points were relatively short. It is indicated by the figure that the fractal net fins played an active role in the improvement of the 
To further understand the melting behavior of PCM in a thermal energy storage unit with fractal net fins and ordinary fins, the dynamic temperature variations of the representative points (corner points and central points) are shown in Figure 9a . Figure 9b and c represent the positions of the representative points of the two types of fin configurations (fractal net fins and ordinary fins) with red dots, respectively. The reason for choosing these two points as the representative points is that they are in relatively unfavorable positions for heat transfer, which we inferred from the liquid fraction cloud maps of PCM in the thermal energy storage unit (see Figure 6 ). The corner point is at the midpoint of the connection between the upper right corner of the two-level fractal net fins and the upper right corner of the three-level fractal net fins (see Figure 9b) . The corner point position of the thermal energy storage unit with ordinary fins is identical to that of the thermal energy storage unit with fractal net fins. The central points are in the center of the thermal energy storage unit, whether it is the thermal energy storage unit with fractal net fins or ordinary fins. It is clearly shown in Figure 9a that the heat transfer at the corner points is generally better than that at the central points. This is because the corner points are closer to the shell, which is the heat source of the thermal energy storage unit and thus gains more heat flux. Compared with the central points, the constant temperature durations of PCM during the phase transition at the corner points were relatively short. It is indicated by the figure that the fractal net fins played an active role in the improvement of the temperature uniformity and heat transfer of the thermal energy storage unit. Inside the thermal energy storage unit, the duration time of melting phase change at the corner region was shorter when compared with the central region. With the fractal net fins, there was a faster temperature response: The temperature in both the central region and corner region changed dramatically. This implies that the duration time of the melting phase change process was reduced with the use of fractal net fins. However, once the phase transition was completed, the temperature at the central points varied very rapidly. This is because the central points receive heat from the high thermal conductivity boundary in four directions simultaneously. In addition, the heat transfer of the thermal energy storage unit with fractal net fins was better than that with ordinary fins at the central points of the thermal energy storage unit. It took about 500 s for PCM in the thermal energy storage unit with fractal net fins to complete the phase transition, while it took about 1100 s with the ordinary fin. It is fully indicated that the heat transfer efficiency of a thermal energy storage unit with fractal net fins is higher than that with ordinary fins when the area of the fractal net fins is identical to that of the ordinary fins. A higher heat transfer efficiency of the thermal energy storage unit was achieved when k = 4, R L = 0.5, and R W = 0.5, compared with other fin configurations, such as k = 1, 2, 3 or ordinary fins.
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Effect of Initial Temperature Difference
The initial temperature difference has a significant effect on the duration time of PCM in a thermal energy storage unit (see Figure 10) . The initial temperature difference is the final temperature minus the initial temperature. In this case, the initial temperature was fixed (−20 °C), and only the final temperatures (10 °C, 15 °C, 20 °C, 25 °C, 30 °C) increased. As expected, the large difference between initial temperature and boundary temperature can result in a large heat flux of melting of PCM in the thermal energy storage unit, thus the duration time of PCM in the thermal energy storage unit-no matter if it has ordinary fins or fractal net fins-is shortened. In addition, it is indicated that under the condition of a constant fin area, a reasonable configuration and arrangement of fins (i.e., fractal net fins) can significantly enhance the heat transfer efficiency of the thermal energy storage unit and shorten the time of phase transition. In other words, when the initial temperature difference is the same, the duration time of PCM in the thermal energy storage unit with the fractal net fins is more than twice as long as that with the ordinary fins. If it takes more than 800 s to melt the same volume of PCM, the thermal energy storage unit with the fractal net fins needs about △T = 30 °C, while the thermal energy storage unit with the ordinary fins needs about △T = 50 °C. Therefore, the fractal net fins greatly improve the heat release performance of thermal energy storage unit. 
The initial temperature difference has a significant effect on the duration time of PCM in a thermal energy storage unit (see Figure 10) . The initial temperature difference is the final temperature minus the initial temperature. In this case, the initial temperature was fixed (−20 • C), and only the final temperatures (10 • C, 15 • C, 20 • C, 25 • C, 30 • C) increased. As expected, the large difference between initial temperature and boundary temperature can result in a large heat flux of melting of PCM in the thermal energy storage unit, thus the duration time of PCM in the thermal energy storage unit-no matter if it has ordinary fins or fractal net fins-is shortened. In addition, it is indicated that under the condition of a constant fin area, a reasonable configuration and arrangement of fins (i.e., fractal net fins) can significantly enhance the heat transfer efficiency of the thermal energy storage unit and shorten the time of phase transition. In other words, when the initial temperature difference is the same, the duration time of PCM in the thermal energy storage unit with the fractal net fins is more than twice as long as that with the ordinary fins. If it takes more than 800 s to melt the same volume of PCM, the thermal energy storage unit with the fractal net fins needs about T = 30 • C, while the thermal energy storage unit with the ordinary fins needs about T = 50 • C. Therefore, the fractal net fins greatly improve the heat release performance of thermal energy storage unit. 
Conclusions
Herein, fractal net fins were used to enhance the melting heat transfer performance of a thermal energy storage unit. The temperature and liquid fraction distributions in the thermal energy storage unit with fractal net fins during the melting processes are presented and compared with ordinary fins. The effect of the length and width ratios of fractal net is analyzed to obtain the optimal configuration for fractal net fins. The effect of the initial temperature difference on melting performance is examined and analyzed as well. The main conclusions are as follows:
(1) The fractal net fins can significantly enhance the melting heat transfer performance of PCM in a thermal energy storage unit. The temperature distribution in the thermal energy storage unit is more uniform, and the temperature gradient of the PCM is reduced and the energy utilization rate is improved. It takes about 510 s for the thermal energy storage unit with fractal net fins to complete the melting phase change, while it takes 1130 s for the thermal energy storage unit with ordinary fins.
(2) The fin configuration in a thermal energy storage unit is optimal when the length and width ratios of fractal net are 0.5. The average temperature of a thermal energy storage unit with a large length ratio increases more significantly. A larger width ratio of the fractal net fin results in the faster temperature variation, and the heat transfer performance of the thermal energy storage unit decreases with the increase of the width ratio. In addition, the heat transfer at the corner points of the thermal energy storage unit is better than that at the central points no matter what the fin configuration.
(3) The initial temperature difference is an important factor affecting the melting performance. A larger initial temperature difference leads to a large heat flux of PCM and shortens the duration time in a thermal energy storage unit no matter what fin configuration is used. When the initial temperature difference is the same, the duration time of PCM in a thermal energy storage unit with ordinary fins is more than twice as long as that with fractal net fins. 
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